Abstract. The area occupied or traversed by an animal is a function of the time period considered, but few empirical estimates of the temporal component of home range use are available. We used a statistic called the "time to independence" to make an ecologically meaningful estimate of the amount of time required for an individual to traverse its home range. Data from 23 species of terrestrial mammals indicated the existence of a sizedependent time scale governing the rate of home range use. Foraging mode influenced the rate of home range use; central place foragers traversed their home ranges approximately five times as rapidly as comparably sized noncentral place foragers.
INTRODUCTION
Body size (A/) c onstrains much of an animal's bi ology, because it influences physiological requirements and im poses morphological and ecological limits on how tho se requirements are satisfied. Many physio logical measures of time, including heartbeat duration, muscle contraction time, nerve conduction time, and time of food passage through the gut (Blueweiss et al. 1978, reviewed in Lindstedt and , are re lated to bo dy mass. Moreover, all of these time mea sures are related to body mass raised to approximately the V a p ower. Size-dependent scaling of time is not restricted to physiological processes. Ecologically meaningful units of time, such as population doubling time and intrinsic rate of increase (1/time), also scale approximately as Y = aM u (Blueweiss et al. 1978 , Eisenberg 1981 , Western 1979 , Calder 1984 .
Recently, Lindstedt et al. (1986) invoked temporal scaling of movements to explain observed relation ships between home range size a nd body mass in mam mals. They contended that timing of use of the home range, t, should scale with mass raised to the l A power, consistent with other measures of biological time. Note that t i s distinct from the time span over which in vestigators define home range. Researchers temporally delimit home ranges using a somewhat arbitrary chro nological measure of time (e.g., a year), whereas t mea- sures the temporal component of home range use as determined by the animal. While these two measures of time may coincide, there is no a priori reason they should.
A critical evaluation of home range allometry re quires an empirical estimate of the temporal compo nent of space use. In this paper, we estimate this tem poral component for 23 species of mam mals, determine whether a size-dependent clock influences movements, and consider how this clock interacts with other factors that influence home range size.
METHODS
We analyzed movement data for 23 species ranging in body mass from 30 g to 70 kg (Table 1) . Following McNab (1963) , we classified species as croppers if they were primarily herbivorous (grazers, browsers) and hunters if they relied primarily upon foods such as seeds, fruits, or mobile prey. Species also were cate gorized as central place foragers (CPF) or not (non-CPF). For all species, movements were monitored either by radiotelemetry or direct observation, and locational information was collected at short sampling intervals (Table I) , resulting in successive observations that were autoeorrelated. Observations were collected only dur ing periods of activity. Body masses (A/) w ere taken from original sources when available; otherwise, species averages were used. Jackknifed estimates of home range area (A) were calculated to reduce somewhat the biases associated with outliers (Swihart and Slade 1987) . We used the minimum convex polygon measure of home range because of its relative robustness when used with autoeorrelated data (Swihart and Slade 1985a) .
Previous studies of home range allometry relied on published estimates of home range size that used a tion coordinates, / denotes the order in which observariety of methods of data collection and home range vations were collected, n represents the number of obestimation (McNab 1963, Harestad and Bunnell 1979 , servations used in the calculation, and m is the number Gittleman and Harvey 1982, Lindstedt et al. 1986 , of pairs of successive observations used. Swihart 1986) . As pointed out by Lindstedt et al. (1986) , For a reasonably large set of independent points (230) size-dependent differences in data collection methods sampled from a stable home range, t 2 /r 2 is normally among studies may lead to biased regression coeffi-distributed with a mean of two (Swihart and Slade cients. Similarly, differing techniques of estimating 19856). Using a test developed by Swihart and Slade home range size could lead to inaccurate coefficients. (19856) for use with fir 1 , we determined iteratively By standardizing the home range statistic used and the time interval at which successive locational obseromitting mark-recapture studies from consideration, vations were negligibly autocorrelated. For example, it we hoped to avoid some of the problems in other stud-data were collected using a sampling interval of 1 b ies of home range allometry.
between observations, fir 1 was calculated for At = 1 To assess the temporal component of home range h by using all pairs of points separated by 1 h. This use, we iteratively measured the level of bivariate au-value of f/f was then used to test the null hypothesis tocorrelation between points separated by a specified of independence between observations separated by 1 time interval (At, in minutes) using Schoener's fir 1 h. Subsequently, fir 1 was calculated and tested for all ratio (Schoener 1981) , where f and r 1 a re given by: pairs of points separated by 2 h, 3 h, etc., until three successive values of At resulted in levels of autocor relation not significantly different at the .25 level (Swi hart and Slade 19856, 1986) . The first of the three time intervals was designated the "time to independence, TTI. TTI represented the time interval at which an animal's current position was influenced only by it s pattern of home range use, not by its position At min utes earlier. Thus, TTI was the minimum time interval over which an animal could occur, in a probabilistic sense, anywhere in its home range. In this sense, TTI was inversely related to the rate of home range us e (Swihart and Slade 19856). We chose TTI over other In these equations, X and Y represent Cartesian loca-measures because it estimates an organism's rate of
home range use based on the distance travelled per unit ti me relative to the overall pattern of use of the home range, i.e., 777 is a time measure sensitive to the s patial ecology of the organism. Time variables such as running speed (Calder 1983 ) and daily distance moved (e.g., Garland 1983) have less bearing on eco logical aspects of movement (but see Ford 1983) . For example, although the two paths in Figure 1 cover the same distance in a day, they clearly represent different patterns of home range use. Clockwise movement through h ome range A such that each quadrant is re visited every 4th d results in a TTI value for A 1.67 times as great as for home range B.
Measurement of TTI was robust to deviations in the underlying distributions of home range use, but it did rely on the assumption that an animal occupied a stable home rang e. This assumption was verified by subdi viding each data set in a chronological sequence and visually inspecting the position of the animal over time.
If an individual was judged as shifting its center of activity, it was not used in subsequent analyses.
All allometric relationships were estimated by linear regression performed on logarithmic transformations (base 10) o f both body mass and the dependent vari able.
RESULTS

Rates of home range use
A size-dependent movement clock appears to govern home range use in mammals. Using all species, TTI = 247A7 0 36 (R 2 -0.49, P < .01). Thus, a 50-g mammal uses its h ome range ~ 12 times as fast as a 50-kg in dividual. Furthermore, the exponent of 0.36 does not differ significantly (P > .10) from l A, consistent with the hypothesis that home range use should scale with M in the same fashion as physiological times (i.e., t = ahf% Rates of home range use varied with diet. For crop pers, the regression of TTI on M yielded an exponent of 0.22, but the regression was not significant (R 2 = 0.16, P -. 12; Fig. 2) . Much of the reason for the poor fit could be ascribed to the extremely low TTI value of the p ika, Ochotona princeps (Fig. 2) . Deletion of pikas resu lted in the equation TTI -336A/ 017 (R 2 = 0.36, P < .05). The exponent, 0.17, did not differ sig nificantly (P > .05) from l A.
The relationship between body mass of hunters and rate of hom e range use, TTI = 195M°A 9 , was signifi cant (R 2 = 0.79, P < .001; Fig. 2 ). The exponent of 0.49 relating TTI with M for hunters was significantly (P < .05) greater than the X A value characterizing phys iological times. Interpretation of this exponent as evi dence ag ainst the generality of the l A scaling rule is premature, however, because the small and large hunt ers in o ur study differed in foraging modes. The six smallest hunter species were classified as central place foragers, whereas the remaining hunters were nonCPF species (Table 1) Both paths occur in home ranges of equal size and cover equal distances in a unit of time. However, path A is concentrated in a small portion of the home range relative to path B. This difference in temporal use of the home range would not be reflected in a measure such as daily movement distance, but it would be reflected by TTI. (TTI is the minimum time interval between successive position records necessary for the two positions to be considered statistically independent.) cropper in our study was the pika, the species deviating most from the observed relationship between TTI and M for that trophic class (Fig. 2) .
For nonCPF species regardless of diet, TTI = 354A/ 0 -22 (R 2 -0.50, P < .01; Fig. 3) , and the exponent of 0.22 did not differ from 'A. Body mass of central place foragers was not a good predictor of TTI (P > .50), perhaps because of the small rang e of sizes spanned by species exhibiting this foraging mode (Table 1, Fig.  3 ). Foraging mode was important in setting rates of home range use; CPF species moved about their home ranges approximately five times as fast as nonCPF species of similar size (Fig. 3) .
Home range size
For all species, home range area in hectares was re lated to body mass in kilograms as A = 8.51M XA1 (R 2 = 0.73, P < .001). The scaling exponent of 1.42 was significantly greater (P < .01) than the exponent of % predicted from size-dependent metabolic require ments. Harestad and Bunnell (1979) also reported a scaling exponent significantly greater than %. Their finding was based on data from 5 5 species of mammals, only 10 of which were represented in the current study.
Home ranges of croppers were related to body mass as/I = 4.90M 1 -56 (R 2 = 0.80, P < .01; Fig. 4 ) and those of hunters as A = 15.14AT-26 (R 2 = 0.68, P < .01; Fig.  4 ). , and this result was significant (P < .05) for all but the present study it = 0.28, P > .80). In general, then, home ranges of hunters and croppers scaled similarly with body mass, but for comparably sized species, home ranges of hunt ers were larger than those of croppers. Home ranges of nonCPF species were rela ted to body mass as A -6.10M 1 -63 (.R 2 = 0.83, P < .001; Fig. 5 ). As with our analysis of TTI, the range of M for CPF species was too small to detect any relation with A. No consistent differences were apparent in the sizes of home ranges of comparably sized CPF and nonCPF species (Fig. 5) .
DISCUSSION
Temporal scaling of home range use
Our results generally support the hypothesis that the temporal component of home range use is related to M'\ Interestingly, mammalian life-spans also are re lated to M with an exponent of ~'/4 (Sacher 1959) . Thus, even though small mammals traverse their home ranges more rapidly in a chronological sense, during a lifetime small and large mammals appear to use their ranges with equal intensity.
Differences in annual activity provide a partial ex planation for the faster mass-specific rates exhibited by central place foragers. All CPF species in the present study cache food. When resources are abundant, in dividuals of these species forage for maintenance re quirements and also for food to store. We hypothesize that the rate of home range use necessary to meet only current energy requirements would more closely par allel rates of similar-sized nonCPF species. This pat tern was evident in intra-individual variation in home range use by the chipmunk Tamias umbrinas (Bergstrom 1986) . During a 2-wk period in 1983, a lactating female's TTI averaged 85 min. The energy require ments of lactation presumably would dictate that all of her foraging time be directed toward meeting current needs. Thus, visits to the central place were infrequent and involved nursing as opposed to caching. During Intensive nest-building preceding parturition, how ever, her TTI was 45 min, due to the high frequency with which the central place was visited. The same female was pregnant the following spring and was often observed caching food; her TTI during this period was 55 min. The lower energetic demands of pregnancy relative to those of lactation presumably enabled the pregnant female to spend more time caching, i.e., to forage in a manner more typical of a CPF species. In addition, the increased frequency of visits to the nest might have lowered TTI by increasing the frequency of radial movements from the edge of the home range to the nest and hence the rate at which t 2 approached 2r 2 , Environmental factors that influence intraspecific or intra-individual variation in rates of space use have been identified in other taxa. Swihart and Johnson (1986) suggested that the rate of territory use by adult American Robins (Tardus migratorius) was a function of nestling ontogeny; as young approached fledging age, adults traversed their territory at an increasingly rapid rate. Rate of patch use increased with decreasing re- with body mass (measured in kilograms) for mammals cat egorized by tr ophic class.
source d ensity in houseflies (Musca domestica), but hunger level had no effect (R. K. Swihart and W. J. Bell, personal observation). Sexual differences may also occur; m ale birds of paradise (Parotia lawesii) used their home ranges faster than females (S. Pruett-Jones, personal communication). Numerous factors could influence our estimates of TTI. Several species in our study used three-dimen sional h ome ranges. Schoener's ratio is strictly appli cable only for two-dimensional movement; thus, our values of TTI may be biased for scansorial or fossorial species, the degree of bias depending on the frequency, velocity, a nd patterns of vertical movements. In ad dition, use o f a different statistic for estimating home range size might alter the magnitudes of the values obtained from relating A to M, as would different sta tistics of rate of space use (cf. Ford 1983, Tracy and Christian 1986) .
Estimates of home range size are biased when Iocational data are autocorrelated, especially for models relying on knowledge of the distribution of use of the home range (Swihart and Slade 1985a ). An important practical implication of our findings is that the relation between TT I and mass can be used as a guideline to select obje ctively an independent subset of data for statistical analysis, because observations separated by TTI minutes are negligibly autocorrelated. Of course, this does not preclude use of the complete data set to construct activity budgets or use patterns as long as a reasonable sampling protocol is followed (see Samuel andGarton 1987) .
Time and home range size
Like home range size, TTI is a statistic used to de scribe one aspect of an individual's pattern of space use. As such, both A and TTI are produced by an animal's movements, and neither should be viewed as a causative agent governing the other. It is more in formative to view variations in A and TTI in relation to environmental features and physiological or mor phological factors. For example, our data indicate that rate of home range use is influenced by foraging mode (Fig. 3) . Clearly, an animal's mobility is a function of its morphology (McNab 1963) . In addition, variations in A have been ascribed to differences in habitat pro ductivity (Harestad and Bunnell 1979) and social or ganization (Damuth 1981) .
Knowledge of the size dependency of TTI provides greater insight into the association between home range size and habitat quality. Harestad and Bunnell (1979) hypothesized that perceived habitat productivity var ied negatively with body mass, thereby accounting for relationships between A and M with exponents greater than %. From a forager's perspective, the quality of the habitat is a function of the effective density of edible biomass, i.e., the density of resources after accounting for differences in capture probabilities, and the time necessary for exploited patches to renew themselves. Large mammals traverse their home ranges at slower rates than do small mammals ( Figs. 1 and 2 ), their revisitation times are longer, and thus they perceive the renewal time as longer than do small mammals occupying an identical area. For Harestad and Bun nell's (1979) hypothesis to be tenable, the positive as sociation between mass and perceived renewal time must be offset by a negative relation between body mass and perceived density of food. Harestad and Bun nell (1979) the perceived time necessary for renewal (PRR, time), it is easy to solve for PSC: PSC = (MR x PRR)/A. If perceived renewal time is proportional to TTI, PSC is proportional to (M Vt x M u )!M k = M l~k . Substituting 1.42, the value of k in our study, would require that the perceived density of food be related to M~0 A2 . Ac cordingly, the density of food perceived by a 50-kg mammal should be only 19% of that perceived by a 1 -kg individual if the hypothesis of Harestad and Bun nell (1979) is correct.
Social organization has also been invoked as a cause for home ranges scaling with body mass to an exponent >%. J. Damuth (1981 and personal communication) has shown that the degree of home range sharing in creases with body size in herbivorous and carnivorous mammals. Thus, an individual would need to cover a range large enough so that the area available for its exclusive use (from an energetic rather than a behav ioral perspective) is sufficient to satisfy its metabolic demands (i.e., M y< ). Damuth (1981) concluded that this exclusive area is related to M'* for herbivores.
Home range sharing may result from two quite dis tinct mechanisms: sharing in social species due to ag gregative behavior, or sharing in solitary species due to encroachment by conspecifics (Swihart 1986) . So ciality increases with size in both canids (Bekoff et al. 1981) and ground dwelling sciurids (Armitage 1981) , presumably in response to size-dependent physiolog ical characteristics such as maturation time (Armitage 1981) . It is interesting that maturation time is related to M A (sources in Calder 1981, Thomp son 1987) , and 14 is not statistically different from the exponent of 0.36 describing the relationship between M and the degree of home range sharing in herbivores (Damuth 1981) . Note, though, that home range sharing could scale positively with body size in mammals even in the absence of size-dependent sociality, because the slower rate of space use by large species makes their home ranges more susceptible to exploitation by conspecifics. So regardless of the proximate mechanism generating sharing of space, it ap pears that the ultimate cause is a size-dependent biological time.
We have shown that the rate at which some mam mals use their home ranges is related to body mass. Our results also suggest that the ecological time scale influencing movements is related to body mass in a manner analogous to physiological times such as h eart beat duration, lending support to the idea that ecolog ical traits are largely natural consequences of the phys iological parameters underlying them (Calder 1983 ). Nonetheless, rates of home range use are influenced by behavior and ecology, as illustrated by the importance of foraging mode. Finally, the ecological time scale governing home range use may help to explain the allometric relation between home range and body mass by extending our understanding of social organization and habitat productivity as factors affecting home range size.
